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I.  Introduction 


Measuring  time  resolved  properties  in  oscillatory  plasma  discharges  such  as  Hall  thrusters  is  of  great 
importance  to  understanding  the  physics  behind  their  operation.  Time  varying  properties  such  as  the 
ion  velocity  distribution  function  (IVDF)  can  be  directly  linked  to  performance  metrics,  and  are  critical  in 
validating  numerical  simulations  that  can  be  used  to  aid  future  development  efforts.  A  powerful  diagnostic 
for  measuring  ion  velocities  is  laser  induced  fluorescence  (LIF).1 

LIF  provides  the  opportunity  to  investigate  plasma  sources  non-intrusively  with  higher  spatial  resolution 
(typically  <  1  mm)  than  can  be  obtained  with  the  more  disruptive  probes  such  as  retarding  potential 
analyzers.  While  the  use  of  a  pulsed  laser  system  for  time-resolved  LIF  velocimetry  may  seem  attractive,  the 
narrow  spectral  linewidth  of  the  5d[4]7/2  —  6p[ 3] 5/2  xenon  ion  transition  typically  used  for  LIF  velocimetry 
measurements  of  Hall  thrusters2,3  precludes  the  use  of  pulsed  lasers  with  their  characteristic  linewidths  being 
larger  than  that  of  the  target  transition.  In  order  to  accurately  resolve  this  transition’s  spectral  features  and 
be  able  to  derive  accurate  ion  velocity  distribution  functions,  narrow  linewidth  continuous- wave  (CW)  lasers 
are  necessary  for  this  application.  CW  lasers  do  not  immediately  lend  themselves  towards  time  resolved 
measurements,  and  thus  several  methods  have  been  developed  in  recent  years  to  achieve  time  resolution  for 
LIF  with  a  CW  laser. 

Pelissier  et  al.  demonstrated  a  time-resolved  photon-counting  technique  to  detect  LIF  in  the  presence  of  a 
strong  background  emission.4  This  technique  was  further  developed  and  applied  to  measuring  IVDFs  in  Hall 
thrusters  with  externally  stabilized  oscillations  by  Mazouffre  et  al.5,6  Durot  et  al.  demonstrated  a  transfer 
function  averaging  technique  applied  to  a  hollow  cathode  discharge,  forcing  periodic  current  oscillations  at 
10  kHz.7  Diallo  et  al.  proposed  a  technique  based  on  the  Fourier  decomposition  of  the  periodic  LIF  signal 
and  applied  it  to  a  Cylindrical  Hall  Thruster  driven  at  11.5  kHz.8  Many  of  the  preceding  methods  require  a 
level  of  coherency  in  the  periodic  fluorescence  signal  attainable  only  through  externally  driving  the  current 
oscillation  in  question. 

The  sample-hold  approach  taken  in  this  work  relaxes  the  coherency  requirement  and  synchronizes  the 
fluorescence  signal  with  the  naturally  drifting  frequency  of  Hall  thruster  breathing  mode  oscillations.  The 
breathing  mode  is  the  dominant  low  frequency  (10-30  kHz)  current  oscillation  observed  in  Hall  thrusters 
that  has  been  modeled  as  a  propagating  ionization  front  periodically  traversing  the  channel.9  11  Previous 
demonstrations  of  this  method  on  a  ~  3  kHz  current  oscillation  in  a  cusped  field  thruster12  validated  the 
technique,  obtaining  time- synchronized  xenon  ion  velocity  traces  at  a  few  spatial  points.  The  technique  was 
further  demonstrated  on  a  350  W  laboratory  Hall  thruster  exhibiting  ~  20  kHz  breathing  mode  oscillations.13 
Now,  the  hardware  has  been  upgraded  to  permit  measurement  of  a  ~  48  kHz  Hall  thruster  breathing  mode  at 
a  time  resolution  of  1  ft s.  Additionally,  increased  laser  power  has  improved  the  measurement  signal-to-noise 
characteristics.  Data  collection  efficiency  has  been  increased  through  parallelization,  allowing  simultaneous 
collection  of  LIF  lineshapes  synchronized  with  several  temporal  points  (phases)  along  the  current  oscillation 
cycle. 

The  results  presented  below  describe  time-synchronized  LIF  velocimetry  of  a  600  W  BHT-600  Hall 
thruster  manufactured  by  Busek,  Co.  Axial  xenon  ion  velocity  distributions  obtained  with  1  /is  time  reso¬ 
lution  are  acquired  at  numerous  locations  throughout  the  discharge  channel  and  into  the  near-field  plume 
of  the  thruster.  Temporally  and  spatially  resolved  changes  in  axial  ion  velocity  throughout  the  discharge 
provide  insight  into  the  dynamics  of  propellant  ionization  and  acceleration  in  these  types  of  thrusters. 

II.  Experiment 


A.  BHT-600  Hall  Thruster 

Figure  1  shows  a  side  view  of  the  600  W  BHT-600  Hall  thruster  operating  on  xenon.  The  thruster  acceleration 
channel  has  an  outer  radius  of  32  mm,  an  inner  radius  of  24  mm,  and  10  mm  depth.  The  magnetic  field  is 
produced  by  four  outer  magnetic  coils  and  one  inner  coil,  which  is  operated  independently  to  optimize  the 
field  topology.  This  thruster  has  been  studied  extensively  using  both  electrostatic  probes  and  various  optical 
diagnostics.14, 15 

The  operating  conditions  used  in  this  work  are  outlined  in  Table  1.  They  are  chosen  to  match  the  nominal 
operating  point  described  in  Gonzales  et  al.16  to  facilitate  comparison.  Typical  discharge  current  and  voltage 
characteristics  of  the  BHT-600  are  shown  in  Fig.  2,  as  well  as  the  associated  optical  emission  plus  induced 
fluorescence  signal  recorded  by  a  photomultiplier  tube  (PMT).  FFTs  of  these  traces  show  that  the  thruster 
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Figure  1:  (a)  Diagram  of  BHT-600  Hall  thruster,  including  thruster  dimensions  and  the  coordinate  system 
used  in  this  work,  (b)  Side  view  of  BHT-600  Hall  thruster  operating  on  xenon.  The  external  cathode  is 
visible  above  the  thruster. 


Table  1:  BHT-600  Hall  thruster  nominal  operating  conditions. 


Anode  Flow 

2.45  mg/s  Xe 
(20.5  seem) 

Cathode  Flow 

197  /ig/s  Xe 
(1.5  seem) 

Anode  Potential 

300  V 

Anode  Current 

2.05  A 

Magnet  1  Current 

2.0  A 

Magnet  2  Current 

2.0  A 

oscillates  quasi-periodically  at  a  frequency  of  48.4 db  1.7  kHz,  resulting  in  a  typical  current  cycle  with  a  period 
of  20.7  ±0.7  /is. 

B.  Experimental  Apparatus 

LIF  measurements  for  this  study  are  performed  in  Chamber  6  at  the  Air  Force  Research  Laboratory  (AFRL) 
at  Edwards  AFB,  CA.  This  facility  is  capable  of  achieving  a  background  pressure  of  approximately  1.2  x  10-5 
Torr  (corrected  for  xenon)  during  thruster  operation.  The  main  optical  train  of  this  experimental  apparatus 
has  been  described  extensively  elsewhere.17  However,  several  upgrades  have  been  made  to  this  system  to 
allow  for  more  efficient  data  collection.  These  changes  are  depicted  in  Fig.  3. 

Ion  velocity  measurements  are  accomplished  by  probing  the  5d[4]7/2  —  6p[ 3] 5/2  electronic  transition  of 
Xe  II  at  834.72  nm  (air).  The  upper  state  of  this  transition  is  shared  by  the  6s[2]3/2  —  6p[3]5/2  transition 
at  541.92  nm,18  used  for  non-resonant  fluorescence  collection.  This  transition  has  been  utilized  extensively 
throughout  the  electric  propulsion  community  for  time-averaged  and  time-resolved  LIF  velocimetry.2,3, 19,20 
A  New  Focus  Vortex  TLB-6917  tunable  diode  laser  is  used  to  seed  a  TA-7600  VAMP  tapered  amplifier  to 
achieve  a  probe  beam  output  power  of  60  mW.  This  is  effectively  6x  the  power  used  in  previous  work,21  but 
well  within  the  linear  regime  of  operation. 
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Time  (\is)  Frequency  (kHz) 

Figure  2:  Current,  Voltage,  and  photomultiplier  (emission  plus  fluorescence)  signals  and  their  FFT’s. 


Beam  pick-offs  send  portions  of  the  beam  into  a  Fabry-Perot  (F-P)  etalon  for  frequency  reference,  and 
an  optogalvanic  xenon  reference  cell  (OGC)  for  a  zero  velocity  spectral  line  reference.  The  additional  laser 
power  allows  us  to  probe  the  9.03  GHz  distant  6p'[3/2]i  —  8s' [3/2] i  Xe  I  transition  in  the  OGC  as  opposed 
to  the  typical  18.1  GHz  distant  6s' [1/2] i  —  6p'[ 3/2] 2  Xe  I  transition,  reducing  the  frequency  range  of  each 
scan  (and  thus  the  time  required)  by  half.22,23  A  typical  30  GHz  laser  scan  is  accomplished  in  ^  8  minutes 
with  a  lock-in  time  constant  of  3  seconds. 

Choppers  (Chi  =  1.9  kHz  and  Ch2  =  2.5  kHz)  are  used  for  homodyne  detection  of  the  OGC  and 
fluorescence  signals.  The  majority  of  the  probe  beam  (~  50  mW)  is  sent  into  the  vacuum  chamber,  in  the 
axial  direction  towards  the  thruster  plume.  The  resulting  fluorescence  is  collected  at  a  60°  angle  from  the 
probe  beam  axis  using  a  200  mm  focal  length  lens  with  100  mm  diameter.  The  collimated  fluorescence  signal 
is  directed  through  a  window  in  the  chamber  side  wall  to  a  similar  lens  that  focuses  the  collected  fluorescence 
onto  the  entrance  slit  of  the  125  mm  focal  length  monochromator  attached  to  a  photomultiplier  tube  (PMT). 
If  sent  directly  into  a  lock-in  amplifier,  the  resulting  signal  would  be  a  time-averaged  measurement  of  the 
fluorescence  excitation  lineshape.  To  synchronize  the  LIF  signal  in  time  to  the  discharge  current,  a  sample- 
hold  scheme  is  implemented  between  the  PMT  and  the  lock-in.  The  development  of  this  sample-hold  scheme 
is  described  elsewhere.12,13’24 

The  sample-hold  method  relies  on  an  acquisition  gate  locked  at  a  given  phase  of  the  discharge  current 
oscillation  period  of  the  thruster.  The  acquisition  gate  is  generated  by  a  pulse-delay  generator  (Stanford 
Research  Systems  DG535)  triggered  by  a  voltage  comparator  chip  (Model  LM339).  During  the  acquisition 
gate,  the  PMT  signal  (emission  plus  fluorescence)  is  sampled,  averaged  and  held  until  the  next  trigger,  at 
which  point  the  held  signal  is  updated  (once  per  period).  This  method  is  well-suited  for  synchronizing  with 
the  naturally  drifting  current  oscillations  in  the  BHT-600  and  we  choose  a  gate  width  of  1  /is  to  be  greater 
than  the  characteristic  0.7  /is  fluctuations  in  oscillation  period  (obtained  through  the  FWHM  of  the  FFT  in 
Fig.  2)  to  average  out  some  of  the  jitter  in  the  last  few  acquisition  gates  of  the  cycle.  The  sample- held  signal 
is  then  sent  through  a  lock-in  amplifier  for  homodyne  detection,  constructing  the  IVDF  from  the  fluorescence 
contribution  originating  only  at  a  particular  phase  of  the  discharge  oscillation. 

Translating  the  acquisition  gate  in  time  along  the  current  cycle  allows  the  full  time  evolution  of  the 
fluorescence  excitation  lineshape  (and  thereby  IVDF)  to  be  reconstructed.  To  reduce  data  acquisition  time, 
the  sample-hold  circuitry  in  this  work  is  parallelized.  The  PMT  signal  is  split  into  several  sample-hold 
branches,  each  triggered  at  different  phases  in  the  discharge  current  cycle  with  a  1  fts  gate  width,  as  shown 
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Figure  3:  Laser  optical  train,  including  launch  and  collection  optics,  and  parallelized  sample- hold  scheme. 


in  Fig.  3.  This  enables  measurements  of  the  IVDFs  at  six  temporal  points  during  a  single  laser  scan,  for  a 
total  of  23  points  of  time  resolution  (plus  one  time-averaged  trace)  in  as  few  as  4  laser  scans.  We  estimate 
that  this  parallelization,  in  conjunction  with  higher  S/N  due  to  increased  laser  power  and  printed  sample- hold 
circuit  design,  plus  the  use  of  a  new  zero  velocity  reference  transition,  produces  a  factor  of  9  improvement 
in  the  overall  efficiency  of  data  acquisition  over  previous  work. 

III.  Results  and  Discussion 

Time-synchronized  axial  ion  velocity  measurements  are  taken  at  numerous  spatial  points  throughout  the 
BHT-600  discharge  channel  and  near-field  plume.  The  results  described  here  focus  on  the  discharge  channel, 
where  the  majority  of  ion  acceleration  takes  place. 

Figure  4  shows  the  variation  in  (a)  most  probable  ion  velocity  and  (b)  peak  lineshape  intensity  over  the 
period  of  a  typical  discharge  current  oscillation  along  the  thruster  acceleration  channel  centerline  ( R  =  28 
mm).  The  boxes  at  right  show  equivalent  results  obtained  from  time-averaged  LIF  velocimetry.  The  most 
probable  ion  velocity  is  defined  as  the  peak  velocity  of  a  Gaussian  fit  of  the  (primarily  Doppler  broadened) 
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Figure  4:  Trends  along  the  acceleration  channel  centerline  for  (a)  most  probable  axial  ion  velocities  normal¬ 
ized  by  the  total  variation:  (V  —  V^in)/04iax  —  Vmin),  and  (b)  peak  fluorescence  excitation  lineshape  intensity 
over  the  (c)  discharge  current  cycle.  The  boxes  at  right  show  the  equivalent  results  from  a  time-averaged 
measurement. 


fluorescence  excitation  lineshape  and  is  shown  here  normalized  by  the  total  variation  over  the  cycle:  ( V  — 
bmin)/(bnax  —  Vm{n) .  Throughout  the  channel,  the  velocities  follow  the  same  overall  pattern  relative  to  the 
discharge  current  cycle,  reaching  their  maxima  about  1/4  oscillation  period  after  the  discharge  current  peak 
(90°  phase  lag).  The  velocities  then  fall  to  their  minima  as  the  discharge  current  begins  its  next  ramp  up. 

The  variations  in  the  peak  intensity  of  the  measured  fluorescence  excitation  lineshapes  also  follow  the  same 
overall  trend  throughout  the  current  cycle,  all  throughout  the  acceleration  channel.  The  intensity  profiles 
closely  track  the  current  oscillation,  and  at  some  spatial  locations  the  small  inflections  seen  in  the  first  8  ft s  of 
the  current  trace  can  be  observed  in  both  the  intensity  and  velocity  plots.  The  relative  fluorescence  intensity 
at  a  given  phase  in  the  current  cycle  is  related  to  the  metastable  Xe  II  probed  state  density  (5d[4]7/2)-  This 
population  is  assumed  to  follow  that  of  the  ground  state  ion  density  in  the  thruster  plasma. 

The  observed  trends  may  be  interpreted  according  to  standard  models  of  the  breathing  mode.9, 10  The 
discharge  current  increases  as  an  ionization  front  moves  upstream,  consuming  neutral  propellant  and  increas¬ 
ing  the  population  of  free  electrons.  The  fluorescence  intensity  consequently  increases  as  the  ion  population 
grows.  The  newly  generated  ions  accelerate  out  of  the  channel  according  to  the  local  potential  field  that  is 
also  changing  with  time.  Ions  obtain  their  maximum  velocity  soon  after  the  point  of  peak  ionization,  and  the 
ion  density  (and  measured  intensity)  necessarily  falls  as  the  ions  accelerate.  The  ionization  front  moves  back 
downstream  during  the  discharge  current  trough,  the  neutral  population  builds,  and  eventually  the  channel 
is  left  with  slower  ions  that  did  not  experience  as  large  of  a  potential  drop  as  the  others.  The  cycle  repeats 
as  the  discharge  current  ramps  up  again. 

Figure  5  shows  the  evolution  of  the  time-synchronized  ion  velocity  distributions  over  the  course  of  a  typical 
discharge  current  cycle  for  spatial  points  spanning  the  entire  channel.  The  anode  is  located  at  Z  =  — 10 
mm  (bottom  of  the  figure),  the  exit  plane  is  at  Z  =  0  (top),  the  inner  channel  wall  is  at  R  =  24  mm  (left), 
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Figure  5:  Time- varying  axial  ion  velocity  distributions  for  a  typical  breathing  mode  current  cycle  at  several 
locations  in  the  thruster  channel.  The  anode  is  at  Z  =  —10  mm  and  the  exit  plane  is  Z  =  0  mm.  The  color 
scale  spans  blue  (minimum)  -  red  (maximum),  with  higher  values  indicating  a  narrower  distribution. 


and  the  outer  channel  wall  is  at  R  =  32  mm  (right).  Each  of  the  individual  IVDF  traces  obtained  in  a  1  /is 
acquisition  gate  constitutes  one  vertical  band  in  each  panel  and  is  normalized  by  the  total  intensity  of  the 
fluorescence  signal  (sum  of  all  values)  collected  from  that  scan.  This  choice  of  presentation  indicates  the 
temporal  resolution  of  the  data  and  the  extent  of  the  main  fluorescence  feature  in  velocity  space  (with  higher 
values  -  more  red  -  indicating  a  narrower  distribution). 

Figure  5  highlights  the  the  spatial  and  temporal  extent  of  ion  acceleration  in  the  BHT-600  channel.  We 
observe  only  minimal  radial  variations  in  the  time- synchronized  velocity  profiles.  At  Z  =  —  8  mm  near  the 
anode,  ions  have  a  small  negative  velocity  ^  —800  m/s  over  the  whole  cycle.  This  behavior  can  be  attributed 
to  a  gradient-driven  field  reversal,  often  seen  in  hybrid  Hall  thruster  simulations.25,26  Moving  downstream 
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to  Z  =  —  6  mm,  the  velocity  distributions  widen  slightly,  fluctuating  in  time  between  measured  peaks  of 
—200  and  800  m/s.  Temporal  variations  in  the  IVDF  (and  thus  accelerating  potential)  begin  to  emerge  at 
this  point. 

The  majority  of  channel  acceleration  occurs  near  Z  =  —4  mm,  where  the  velocity  distributions  broaden 
significantly  and  show  large  temporal  variations  over  the  course  of  the  current  cycle.  This  indicates  that 
both  the  spatial  extent  of  propellant  ionization  and  local  potential  significantly  fluctuate  in  this  region. 
Most  probable  ion  velocities  are  observed  between  5-13.2  km/s.  These  results  especially  illustrate  the  trends 
discussed  above  in  conjunction  with  Fig.  4.  As  the  discharge  current  ramps  up  between  ~8-14  (i s,  the 
ionization  front  (and  presumably,  the  steeper  part  of  the  accelerating  potential  drop)  is  located  downstream 
of  Z  =  —4  mm  since  the  measured  velocities  are  at  their  lowest.  Then,  more  ions  are  produced  and 
accelerated  as  the  ionization  front  and  potential  drop  move  upstream  during  the  ~  14-20  (is  interval  of  peak 
discharge  current.  As  the  current  falls  past  20  (i s  to  ^  2  (is  after  the  trigger,  the  strong  potential  drop  is 
presumably  upstream  of  Z  =  —4  mm,  as  the  measured  ion  velocities  remain  roughly  constant  near  their 
maximum  values.  Finally,  the  potential  drop  moves  downstream  again  while  the  current  is  minimum.  The 
relatively  fewer  remaining  ions  experience  less  and  less  of  the  accelerating  potential  drop,  manifested  in  an 
observed  decrease  in  ion  velocity  at  Z  =  —4  mm. 

Closer  to  the  channel  exit  at  Z  =  — 2  mm  and  Z  =  0,  the  IVDFs  narrow  again  and  the  absolute  velocity 
fluctuation  is  less  pronounced,  indicating  that  over  time  the  majority  of  ions  have  been  accelerated  evenly. 
This  indicates  less  spatial  and  temporal  variation  in  ion  production  and  accelerating  potential  compared  with 
upstream.  As  shown  in  Fig.  6,  the  magnitude  of  velocity  fluctuations  over  time  and  further  ion  acceleration 
continue  to  diminish  as  one  moves  farther  downstream  into  the  near- field  plume. 

A  complementary  view  of  the  acceleration  of  ions  in  the  channel  is  provided  in  Fig.  7,  where  the  most 
probable  ion  velocities  are  plotted  as  a  function  of  axial  position  down  the  channel  centerline  at  a  few  instants 
in  time.  Again,  the  majority  of  ion  acceleration  is  observed  to  occur  between  Z  =  — 6  mm  and  Z  —  —  2  mm, 
with  a  steeper  velocity  gradient  that  develops  at  early  times  in  the  cycle  (low  discharge  current)  giving  way 
to  more  gradual  ion  acceleration  during  t  =  8  —  16  (is.  As  the  discharge  current  passes  its  maximum,  the 
spatial  acceleration  profile  becomes  steeper  again.  Note  that  the  more  gradual  time-averaged  acceleration 
profile  seems  to  be  weighted  towards  the  time  interval  during  which  the  fluorescence  intensity  is  stronger. 
Previous  time-averaged  LIF  measurements  of  the  BHT-600  confirm  that  the  majority  of  ion  acceleration  is 
expected  to  occur  inside  the  channel.27 


IV.  Future  Work 

In  addition  to  the  channel  measurements  presented  here,  time-synchronized  axial  IVDFs  were  obtained 
at  various  positions  throughout  the  near-field  plume.  Figure  8  shows  a  representative  IVDF  time  history  for 
a  point  along  the  thruster  axis  at  Z  =  15  mm,  R  =  0  mm.  At  this  position,  two  ion  velocity  populations  are 
present  throughout  much  of  the  breathing  mode  cycle.  When  the  discharge  current  is  minimum,  the  slower 
velocity  population  dominates  at  ^  5  km/s.  As  the  discharge  current  increases,  this  population  is  assumed 
to  wash  out  due  to  a  wave  of  high  axial  velocity  ions  arriving  from  the  channel. 

There  are  several  potential  causes  for  secondary  slow  ion  populations  to  appear  throughout  the  near¬ 
field  plume,  including  charge  exchange  collisions  with  neutrals,  geometric  effects  from  opposing  sides  of  the 
channel,  and  residual  ionization  downstream  of  the  main  potential  drop.  Geometric  effects  in  the  BHT-600 
were  demonstrated  previously  in  time-averaged  LIF  velocity  measurements27  and  future  analysis  will  seek 
to  explain  the  emergence  of  multiple  ion  populations  over  time  such  as  those  observed  in  Fig.  8.  Upcoming 
time-synchronized  radial  velocity  measurements  will  yield  the  time  histories  of  the  magnitude  and  direction 
of  the  total  ion  velocity  vectors,  and  may  correlate  fluctuations  in  the  plume  divergence  angle  with  the 
discharge  current  cycle.  These  and  other  results  will  also  be  compared  with  numerical  models  of  the  BHT- 
600  from  HPHall,  which  have  previously  obtained  good  agreement  with  time-averaged  properties  but  failed 
to  fully  capture  transient  fluctuations  observed  in  optical  emission  data.16 

V.  Conclusions 

This  work  presents  time-synchronized  CW-LIF  velocity  measurements  of  a  BHT-600  Hall  thruster.  The 
sample-hold  time  synchronization  method  correlates  axial  velocity  distribution  functions  with  the  48  kHz 
breathing  mode  discharge  current  cycle  of  the  thruster.  Upgrades  to  the  time-synchronized  LIF  apparatus 
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Figure  6:  Most  probable  axial  ion  velocities  along  the  centerline  of  the  discharge  channel  and  into  the 
near-field  plume. 
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Figure  7:  Most  probable  axial  ion  velocities  along  the  channel  centerline  plotted  as  a  function  of  space  at 
4  /i s  intervals. 
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Figure  8:  Axial  ion  velocity  distributions  vs.  time  at  Z  =  15  mm,  R  =  0  mm. 


used  previously  increased  measurement  signal-to- noise  and  allowed  for  significantly  faster  data  acquisition. 
This  enabled  a  much  more  extensive  spatial  mapping  of  the  thruster  plume  than  in  previous  work. 

Axial  ion  velocity  distributions  over  the  entire  discharge  current  cycle  are  presented  at  spatial  points 
throughout  the  thruster  acceleration  channel  with  a  time  resolution  of  1  ft s.  The  measured  fluorescence 
excitation  lineshape  intensities  rise  and  fall  in  phase  with  the  discharge  current,  indicating  temporal  changes 
in  ion  density.  The  most  probable  velocities  follow  a  similar  trend,  lagging  the  current  in  phase  by  approx¬ 
imately  1/4  of  the  oscillation  period.  The  observed  patterns  are  consistent  with  models  of  the  breathing 
mode  and  previous  time-resolved  LIF  measurements  on  a  different  laboratory  Hall  thruster.  The  majority  of 
axial  ion  acceleration  is  seen  between  Z  =  —  6  mm  and  Z  =  —  2  mm,  where  the  broadest  IVDFs  also  vary  the 
most  in  magnitude  over  time.  As  the  ions  accelerate  into  the  near-field  plume,  the  axial  ion  velocities  plateau 
and  fluctuations  across  the  breathing  mode  period  diminish.  Future  work  will  discuss  the  time  variation  of 
the  rest  of  the  plume,  present  measurements  of  the  radial  ion  velocity  components,  and  make  comparisons 
with  BHT-600  Hall  thruster  simulations. 
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Motivation 


*  Laser  induced  fluorescence  (LIF)  velocimetry 

—  Non-intrusive  method  of  probing  plasma 
—  High  spatial  resolution 

—  Sample-hold  method  used  to  provide  time  resolution  for  naturally 
occurring  quasi-periodic  discharges 

*  Time-resolved  ion  velocity  distribution  functions  (IVDFs): 

—  Provide  insight  into  dynamics  of  thruster  operation 
—  Are  linked  to  thruster  performance  metrics 
—  Are  critical  to  validating  numerical  simulations 


*  Motivation  for  this  work: 

—  Demonstrate  efficient  data  collection  for  parallelized  method  of  time- 
sync  LIF 

—  Apply  method  to  well-documented  Hall  thruster  for  future 

comparisons  to  optical  emission,  probe  data,  numerical  simulations, 
etc... 
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BHT-600  Specifications 


a)  Schematic  of  BHT-600 


b)  BHT-600  Operating  on  Xenon 


Nominal  Operating  Conditions 


Anode  Flow 

2.45  mg/s  Xe 
(20.5  seem) 

Cathode  Flow 

197  /ig/s  Xe 
(1.5  soera) 

Anode  Potential 

300  V 

Anode  Current 

2.05  A 

Magnet  1  Current 

2.0  A 

Magnet  2  Current 

2.0  A 

*  600  W  annular  Hall  thruster 

*  Manufactured  by  Busek  Co. 

*  Tested  in  Chamber  6  at  AFRL 
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PMT  Signal  (mV)  Voltage  (V) 


BHT-600  Operating  Conditions 


•  Quasi-periodic  operation 

-  f  =  48  kHz 

-  T  =  21  ps 


1  ps  gate  width  for  triggering 

—  21  points  of  time  resolution 

—  Allows  for  slight  fluctuations  in 
discharge  period 


Time  (jus)  Frequency  (kHz) 
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Experimental  Apparatus 


*  New  Focus  Vortex  TLB-6917  tunable  diode  laser 
used  to  seed  a  TA-7600  VAMP  tapered  amplifier 

—  60  mW  output  power 

—  Xenon  ion  (Xe  II)  transition  at  834.72  nm  probed 
( 5d[4]  7/2-6p[3] 5/2) 

—  Non-resonant  fluorescence  collected  at  541.92  nm 
( 6s[2]3/2  ~6p[3]5/2) 


•  Stationary  xenon  neutral  (Xe  I)  reference 

-  9.03  GHz  distant  6p’[3/2]1-8s’[3/2]1 

*  Parallelized  sample-hold  method  of  time- 
synchronization 

—  6  time  points  taken  simultaneously 

^  9x  improvement  in  data  acquisition  efficiency 

^  Better  signal-to-noise 
^  Faster  data  acquisition 
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Velocity  and  Intensity  Trends 


9  Peak  lineshape  intensity 

—  In  phase  with  current 

—  Intensity  increases  w / 
growth  of  ion  population 


9  Most  probable  ion 
velocity 

—  90°  phase  lag  relative  to 
current 

—  Max  velocity  after  point 
of  peak  ionization 


^  Breathing  mode  cycle 


A  z  =  -8  mm  ♦  z  =  -6  mm  •  z  =  -4  mm  ■  z  =  -2  mm  ▼  z  =  0  mm 


♦ 
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Most  probable  ion  velocity  and  peak  lineshape  intensities 
for  IVDFs  measured  along  centerline  of  discharge  channel 
(R  =  28  mm) 
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Channel  IVDFs 


•  Minimal  radial  variations  in  channel 

•  Z  =  -8  mm  (near  anode) 

—  Slight  negative  velocity 
—  Gradient-driven  field  reversal 

•  Z  =  -6  mm 

—  Accelerating  potential  begins 
—  Broader  IVDFs 

•  Z  =  -4  mm 

—  Significant  broadening  of  IVDFs 

—  Large  temporal  variations  (5-13  km/s) 

—  Spatial  extent  of  propellant  ionization  and 
local  potential  drop  fluctuate 

•  Z  =  -2  mm,  Z  =  0  mm 

—  IVDFs  narrow 
—  More  even  acceleration  in  time 


R  =  24  mm  R  =  28  mm  R  =  32  mm 


Time  (us)  Time  (us)  Time  (us) 
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Frequency  (GHz) 


Channel  Midline  Velocities 


Majority  of  ion  acceleration 
between  Z  =  -6  and  -2  mm 

Steepest  velocity  gradients 
at  minimum  in  discharge 
current 

Velocities  relatively 
constant  in  near-field  plume 
(past  exit  plane) 
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Time  (ps) 


Most  probable  ion  velocity  as 
function  of  position  along 
centerline 


Most  probable  ion  velocity  extending  into  near-field 
along  centerline  of  discharge  channel  (R  =  28  mm) 
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Continuing  Work 


*  Time-sync  axial  IVDFs  obtained 
throughout  near-field  plume 

*  Secondary  ion  velocity  population 

—  Appears  near  centerline  of  thruster 

—  Low  velocity  dominates  at  current 
minimum 

—  Primarily  caused  by  geometric  effects 
—  Other  causes: 

*  Charge  exchange  collisions  w /  neutrals 

*  Residual  ionization  downstream  of  main 
potential  drop 


*  Upcoming  radial  IVDF  measurements 

—  Elucidate  fluctuations  in  plume 
divergence 

—  Ion  velocity  vectors  compared  to 
numerical  models  in  HPHall,  emission 
data 


Time  s) 

o  5  10  15  20 


t - 1 - 1 - r 


Axial  ion  velocity  distributions  vs.  time 
at  Z  =  15  mm,  R  =  0  mm. 
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Frequency  (GHz) 


Summary 


9  Axial  ion  velocity  distribution  functions  correlated  in  time  to  48  kHz 
breathing  mode 

—  Linshape  intensities  change  in  phase  with  discharge  current 
—  Most  probable  velocities  90°  lag  from  discharge  current 
—  Consistent  with  breathing  mode 


*  Upgraded  time-synchronized  LIF  apparatus  allowed  for  9x  more 
efficient  data  collection 

—  Extensive  spatial  mapping  of  BHT-600  plume  (60+  spatial  points!!!) 

—  Near-field  plume  measurements  to  be  shown  in  future  presentations 
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